Introduction
Famed for strength factor of botanical structures [1] , the abundant, renewable and biodegradable cellulose [2] fibers have long been recognised for their vast list of applications. While micro-fibers serve the common functions in the making of pulp-based products, nano-fibers define a new edge of fiber utilization. Driven by such key areas as electronics, energy, medicine, chemicals, coatings, catalysis [3] as well as textile and apparel [4] , today, nano-fibers find dominant use in the mechanical and chemical industry, which accounts for more than half of the total market share [5] . The big impact of this sector is implied by a ten-fold increase in the production of nanofibers in 2011, in comparison to that reported in 2002. Projecting an extended end-user market, the production volume in 2016 is conservatively estimated to reach more than 350 000 tonnes, with nano-cellulose and nano-fibres included in the tonnage [3] . The enormous growth is due to their unique properties such as large specific surface area, small pore size, high porosity and a smaller diameter size over the conventional fibers [5] .
The expanding demand for nano-fiber and nano-cellulose prompts the need for an efficient nano-fiber production line with flavours of flexibility, cost effectiveness, speed and environmental compatibility. This is essential in ensuring an extra long-term sustainability of the supply regime. In line with this, the potential of the abundant residual materials such as the oil palm biomass for application in this sector is worth a study. Being one of the influential sectors to global GDP [6] , the palm oil milling sector in Malaysia leaves approximately 20 mtpa of the fruit-free palm bunches known as the empty fruit bunches (EFB). The fibrous nature of the residue has now gained recognition as a wealth factor for the packaging industry. By switching from wood-based imported fibers to the use of EFB as source of fibers, for instance, a 63% saving on the capital for raw materials was proven achievable [7] . Beyond packaging works that has saluted EFB as profitmaking item, high-end uses of the materials are also projectable in the advent of nano-technology infused with the idea of renewability and sustainability.
Commensurate with this, a study focusing on the fibrous contruction of the said popular local biomass was carried out. Beyond the conventional fibre, an eco-friendly [8] fibre extracting agent called the alkaline peroxide is used to liberate the finest possible nano-fibers. As fascinating fibers and cells could be obtained by adaptation to the various possibilities of alkaline peroxide chemical level and mechanical fibrillation [9] [10] [11] [12] synergy, the system adopted for studying the ultrastructure of fibrous materials is denoted as an alkaline peroxide variable treatment or APVT system. This paper discusses the pathway for liberating and understanding the nano-fiber contrstruction in the EFB biomass.
Methodology
Pre-cleaning of EFB Biomass. The fibrous strands of EFB in the form of the dried long fibrous strands or vascular bundles were washed and air-dried indoor, ground to 500 µm particles or downsized to 2 cm segments. As a measure for removing the non-cellulosic materials, these were made 50% extractive-free by soaking the biomass in distilled water for 30 to 40 minutes at 70°C.
Tracking Delamination and Fibrillation of EFB. In this paper fibrillation is used to refer to the process of generating fibrils while delamination refers to the peeling out of the thin layer of nanofibril web (TN-webs) or nano-scale elements (nano-scan) from the fiber or micro-fibril. It was identified that the synergy between the alkaline peroxide chemical and mechanical refining, AMR, which is also abbreviated as CMR for chemical-mechanical refining, can be synergised differently to initiate different extents of fibrillation. In alkaline peroxide various treatment (APVT) systems, the basic CMR synergy is referred to as an APMP system and a wide variation in refining mode was also attempted [9] [10] [11] [12] . Table 1 provides the summary of CMR synergy in the adopted APVT system. Fiber extraction via APVT systems were carried out on the cleaned and segmented or particle form of EFB. To observe segmented vascular bundles, APMP was carried out, which involved only low energy refining of the AP-treated EFB. By employing the most severe condition (APFI), Advanced Materials Research Vol. 832 501 diversified fibrous cells could be obtained and these were classified accordingly and stored for analysis.
Image Analysis. Light microscope model Olympus BX41 was used to analyse isolated fibers on slides. These were then observed under Leo Supra, 50 VP, Carl Zeiss Scanning Electron Micrograph by adhesion with double-sided electrically conducting carbon tapes and gold coated using Polaron Equipment Limited model E500 with a voltage of 1.2kV and 20 Pa for 10 minutes.
Results and Discussion
Oil palm empty fruit bunch vascular bundles (EFB), a monocot famed as Elaise guineensis amongst botanical scientists, is at origin brownish, attributable to the 5% redness, 19% yellowness and 20% vividness [12] . To naked eyes, the soft brown tone of the biomass imparts 64% lightness on CIELAB chromaticity scale, which corresponds to 13% ISO brightness [12] . From chemistry viewpoint, the colour factor of EFB is governed by the chromophoric materials from the extractives, lignin and transition metals. Upon reaction with alkaline peroxide, chromophoric groups are altered and a portion of these are released as auxochromic materials while a portion is retained as light lignin fragments (LLF). Despite retention of LLF, fibers derived from the APVT systems offer good photostability [13] with pleasant dose of eye-relaxing yellow tone.
The lignin modifying effects aided the liberation of fibers by lowering the capacity of the binding materials [14] . Physically, the swelling and softening of EFB lubricated shearing of the vascular bundles during mechanical refining (MR), which is aimed at freeing the fibrous mass. The thoroughness of this process is therefore decided by the extent of the alkaline peroxide chemical (C) penetration into EFB. Whether alkaline peroxide is present as residue or as fresh chemical, the chemical-mechanical refining (CMR) synergy is the key factor not only in liberating fiber but in attaining the target fiber morphology.
Beginning with the lowest-end of the APVT system, Fig. 1 presents the fibrous mass as blend of vascular bundle segments, fibre bundles and less of individual fibers. The poor alkaline peroxide reaction with EFB is apparent from the presence of intact silica and silica craters on the biomass structure as elsewhere [11] described. The presence of these segments resulted in low paper strength and coarse paper network (Fig. 1a) due to the non-uniformity of the fibre web structure. The low fiber network strength is also attributable to the interruption of fiber-to-fiber bonding. Evidence of segmented vessel elements (circle in Fig 1a) is an important factor to the poor inter-fiber bonding of paper. On paper web surface, these contribute to dustiness and poor printability. The close-up look at this structure (Fig. 2a) explains the aforementioned effects. APFI.
It appears, thus far, that raising the level of alkaline peroxide in APP had eased further fibrillation of the fibre bundles to yield more of the individual fibres. This is favourable in giving strength as well as aesthetic and kinaesthetic values to the fibre network (Fig. 1c) , as a result of extensive fibrillation arising from the effective CMR synergy. The segmented vessel element from 502 Nanoscience, Nanotechnology and Nanoengineering the APMP system (Fig. 2a) appeared severely delaminated into a layer of pitted structure (Fig. 2b) as a result of heightening the AP level and repeating the alkaline peroxide impregnation stages in the APP system. Such cell delamination is indeed a very likely occurrence in an APP system. As a result of delamination in Fig. 2b , fibre strips are less apparent due to the presence of the masking cell layers. The overall paper or fibre web appearance is depicted on Fig. 1c . A close-up look at similar structures demonstrates that the masking layers are constructed by arrays of nanofibrils ( Fig. 2c) with the underlying layer showing systematic arrangement and those on top being more randomly placed. Also evident from Fig. 2d are the individual nano-fibrils of variable diameters, typical of micro-fibrillated cellulose [15] . For ranging between 1 nm to 100 nm diameter, by standard definition [16] , these are classifiable as nano-fibers.
Delamination Check. CMR synergy is easier to imagine by correlating the fibrillation effects to the fibre sizes. Table 2 matches the fiber sizes with the possible different CMR effects, with each tick representing proof of observation. Related observations are presented in Fig. 3 . 3 presents the extents of delamination effects amongst fibers rooted from EFB via APP and APFI systems, respectively. Extensive delamination was achievable by multi-stage API and refining denotable as high CMR synergy (Table 1) in the APP system. The resultant structures classified as EFB fiber [17] having diameter of 8 µm (Fig. 3a) must have arisen from the peeling of TN-webs initially wound to form a larger diameter fiber. Fibers fibrillating from the 40 m split vascular bundle (Fig. 3c) , however, is also associated with APP systems, indicating partial uniformity of fibre sizes derived from the system. An extended CMR synergy offer fibrillation of the 134 nm fibril (Fig. 3b) and these are magnification of TN-webs that are more extensively delaminated fiber or the less extensively layered structure in comparison to the intact fibrous mass in Fig. 3d . The ruptured EFB microfibres showing bound layered structure of fibre webs results in the checkerboard pattern in Fig. 3d and this serves as a proof of systematic helical winding of fibrils around EFB micro-fibrils. The fact that these are still bound to the parent fibril and bound to each other as a web, indicates an incomplete removal of the recalcitrant binding materials such as modified lignin (LLF) and the skeletal silica, which, like cellulose, is also the structural strength factor to EFB.
Thus far, generation of the thin layer of nano-fibrils, is seen as occurring on several scales of fibrillar cells, depending on the applied fibrillation energies. Governed substantially by CMR synergy, the onset of delamination of the micro-fibers was detected in the APP system ( Table 2 ). This suggests that delamination is favoured by application of multiples of 10 kWh/t to 60 kWh/t refining energy and a multi-stage alkaline peroxide impregnation stages to attain significant amount of nano-fibril webs. At x5000 magnification of the TN-webs (Fig. 3b) , several of the 134 nm fibril were detected as splitting into at least 11 fibrils, suggesting the yield of approximately 12 nm diameter fibrils dangling to a parent fibre. The challenge of incomplete nano-fibrillation was also encountered in oxidative procedures such as TEMPO-assisted techniques [18] [19] [20] . In the case of APVT, the observed diminution in the fibril diameter indicates the potential of nano-fibers production from the TN-webs. Subsequent carefully controlled CMR synergy that could remove the residual fibre-cementing materials shed the light for nano-fibre production from EFB via alkaline peroxide pathway. In paper application, the presence of TN-webs in the fibre network was able to boost tensile strength by 900%. This signifies the optimism for EFB as a renewable source of nano-fiber for development of future super-strong fiber-based products. In light of rapidity and relative eco-friendliness [12] , the APVT system has in intrinsic ways laid a promise for a competent and sustainable way of cascading nano-fibril network from EFB biomass.
Conclusion
Within the APVT systems, which utilize alkaline peroxide and mechanical refining, the various synergy between the applied chemical and mechanical actions witnessed a well-defined extent of EFB fibrillation: from micro fiber to the nano-fibril network. The fibrous mass liberated from the APFI and APP systems consisted of TN-webs, which improved fiber web formation by masking effects and other ensuing fiber web properties. The net feature of TN-webs also demonstrates the next target of attack by CMR synergy for cascading nano-fibers from EFB.
